Abstract: Si/SiOx composite anodes were prepared using a facile solution reaction-based method. Their initial capacity was significantly improved to 1.3 times that of SiOx by incorporating 3 wt% silicon nanoparticles into the SiOx. The capacity retention of the Si/SiOx anodes after 50 charge-discharge cycles was significantly enhanced, to 99%, compared with 8% retention for the pristine silicon anode. These improved results were achieved by combining the advantages of silicon, for high capacity, with SiOx, for cyclic stability. Our current results suggest that this simple solution reaction-based approach is a promising method for fabricating low cost Si/SiOx composite anode materials for lithium ion batteries, which exhibit high electrochemical performance, of more than 1000 mAh/g capacity, and cyclic stability.
INTRODUCTION
Not only has the market size for lithium ion batteries (LIBs) become larger, but their application area has also been expanding, from conventional consumer electronics such as mobile phones and notebooks to products that require high capacity, such as electric vehicles and energy storage systems (ESS), etc [1, 2] . To meet the new demands for lithium ion batteries with high energy density, stability, and long life times, extensive studies have been conducted [3, 4] .
Carbon-based materials have been popularly employed as anodes for lithium ion batteries, due to their excellent stability and cyclic performance resulting from structural characteristics favorable for the intercalation-deintercalation of lithium ions [5] . However, their low theoretical specific capacity of 372 mAh/g (LiC6) remains an issue that needs to be resolved. As a way of improving the capacity, stability, and the lifetime of the anode materials, an approach of alloying with lithium has been widely applied [6] [7] [8] [9] [10] [11] [12] . Among the extensively studied Li-Si alloys (Li4.4Si: 4212 mAh/g), Li -Sn (Li17Sn4: 959.5 mAh/g), Li-Sb (Li3Sb: 660 mAh/g), * Corresponding Author: Sun-Jae Kim, Woo-Seung Kang [Tel: +82-2-3408-3780, +82-32-870-2184, E-mail: sjkim1@sejong.ac.kr, wkang651@inhatc.ac.kr] Copyright ⓒ The Korean Institute of Metals and Materials [12] [13] [14] [15] [16] Si-based anode materials have been found to be promising due to their large theoretical capacity and a low reaction potential of about 0.4 V Li + /Li 0 [17, 18] . However, the materials' initial high capacity has also been shown to drastically decrease due to microstructural distortions or disintegrations caused by large volume changes during the intercalation-deintercalation of lithium ions [19] [20] [21] [22] . To address these issues, nanostructured [22, 23] and hollow Si [24, 25] materials have been extensively studied. However, Si/C compounds with a small amount of Si still seem to be the most practical approach for high volume production [26, 27] .
SiOx (silicon suboxide, x<2), which is composed of nano-sized Si particles dispersed in a matrix of SiO2, is considered to be a promising candidate anode material to replace conventional carbon anode materials [28, 29] . Li2O and Li4SiO4, which are produced during early reactions in
LIBs with the SiO2-based anode structure, are considered responsible for the reduction in reversibility [30] [31] [32] [33] .
However, they are considered to play a positive role in restraining the volume expansion of the anode by reducing the agglomeration and alloying between Si particles and Li [34, 35] . To improve the performance of the SiO2-based anode, various approaches have been studied and suggested to reduce the volume expansion and improve the performance of the electrode. These include a hollow porous SiO2 which was synthesized with crevices on the surface to alleviate volume expansions and reduce the diffusion lengths of Li ions [32, 36] . Carbon has also been coated on SiO2 to improve conductivity and act as a buffer to the mechanical stress generated by volume expansions [34, 37] . Nano-sized and core-shell structured particles have been synthesized and studied [28, 38] . However, most of the approaches described above employ complicated and multiple processes not suitable for economical and high volume production systems.
In the present study, to synthesize Si/SiOx, a chemical mixture of silicon nanoparticles-dispersed SiCl4 was used as a source material. Ethylene glycol (EG) was employed to control the hydrolysis reactions of the chemicals involved. In order to synthesize Si/SiOx, instead of using the conventional evaporation method at high temperature (above 1400 ℃) in a vacuum [29, 39] , our group adopted a solution reaction-based 
EXPERIMENTAL PROCEDURE
An agglomerated, sponge-like, white gel-type SiOx confirmed by BET analysis [32] , and is believed to contribute to the high charging capacity of the sample. Silicon powder was observed to be spherical shaped with diameters of approximately 100 nm (Fig. 2c) . Fig. 2d , 2e, and 2f correspond to SiOx particles incorporated with 1 wt%, 3 wt%, and 9 wt% Si, respectively. the deintercalation of lithium ions for silicon [35] [36] [37] [38] below, [31] and the LixSi formed by the reversible reaction (Eq. 3) with the addition of silicon to SiOx, [9] respectively.
However, the LiO2 and Li4SiO4 play a role in improving the cyclic stability of the anode by accommodating volume change during the charge-discharge cycles.
Following the initial charge-discharge measurements, the cyclic performance of the samples was investigated to examine how the amount of Si in Si/SiOx affected the stability of the anode. Fig. 4 shows the variation in the specific capacity of the samples for cycle numbers up to 50.
Even though the pristine Si had a high initial capacity and coulombic efficiency, the capacity decreased gradually with each cycle, resulting in the low capacity retention of 8% after 50 cycles. The gradual deterioration in capacity is attributed to large volume changes in the Si anode during the intercalation-deintercalation of lithium ions. Table 1 .
To understand the improved electrochemical performance of the Si/SiOx electrode, the variation in impedance during charge-discharge cycles was investigated by using the Nyquist plots of the samples. 
CONCLUSIONS
Si/SiOx composite anodes were fabricated by incorporating silicon powders with diameters of approximately 100 nm into SiOx using a simple and economical solution reaction-based method utilizing SiCl4, EG and benzene chemicals. The SiOx matrix was found to be structured with nanosized particles of 30-50 nm, which were favorable for accommodating more lithium ions. The initial capacity of the anode was measured to be significantly improved by incorporating silicon nanoparticles into SiOx, to 1.3 times that of as-synthesized
SiOx. The capacity retention of the Si/SiOx was also found to be much improved, to 99%, compared to 8% for silicon.
These improved results were achieved by combining the advantages of each anode component, namely, the high capacity of silicon and the cyclic stability of SiOx, respectively. We strongly suggest the proposed approach enables not only the development of Si/SiOx anode materials with high capacity and cyclic stability for LIBs, but can also help to significantly lower the cost of production of Si/SiOx composites.
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